The giant spin Hall effect (SHE) at room temperature is one of the most attractive feature of topological insulators (TIs) for applications to nano-scale spin devices. Its origin, however, remains a controversial problem. Here, we identify the origin of the giant SHE in BiSb thin films by measuring the spin Hall angle θSH under controllable contribution of surface and bulk conduction. We found that θSH of a Bi0.6Sb0.4 TI thin film takes colossal values (450 ~ 530 at 8 K, and 38 at 300 K), and is almost governed by contribution from the topological surface states.
The discovery of giant SHE with θSH exceeding unity at room temperature in several TI ultrathin films has attracted much attention for possible applications to nano spin devices, such as spin-orbit-torque magneto resistive random access memories and spin-torque oscillators. 1- 4 An early experiment on the giant SHE in the well-studied Bi2Se3 TI assumed the surface state origin of the observed θSH (2 -3.5), even though the Fermi level in Bi2Se3 lies in the conduction band and the contribution from the bulk conduction cannot be ignored. 2 The parallel conduction in the metallic surface and degenerated bulk states in Bi2Se3 cannot be quantitatively separated, and leads to large discrepancies in different measurements of θSH and even contradicting conclusion on the origin of the giant SHE in Bi2Se3. 5, 6 More recently, systematic measurements of SHE in (Bi1-x,Sbx)2Te3 TI thin films, whose Fermi level can be tuned to the band gap, show that SHE is almost twice larger when the Fermi level is in the valence band (bulk states dominant) than that when the Fermi level is in the band gap (topological surface states dominant), adding more controversy to the problem. 7 From both fundamental and technological aspects, the origin of the giant SHE is the must solve problem for designing any nano spin devices using TI as the pure spin current source.
In this letter, we identify the origin of the giant SHE in BiSb thin films, by measuring the spin Hall angle θSH under controllable contribution of surface and bulk conduction. Bi1-xSbx (0.07 < x < 0.22) is the first three dimensional TI whose topological surface states have been detected using angle-resolved photoemission spectroscopy (ARPES) 8, 9 , scanning tunneling spectroscopy 10 , and quantum transport measurements. 11, 12 Recently, we observed that 10 nm-thick Bi0.9Sb0.1 thin films e 2  Ω -1 m -1 ) among all known materials thanks to the very large θSH ~ 52 and high electrical conductivity σ ~ 2.5×10
5 Ω -1 m -1 , making Bi1-xSbx a very promising candidate for the pure spin current source in nano-scale spin devices. 1 In terms of fundamental properties, Bi1-xSbx has two unique features compared with other TIs. First, it has long Fermi wavelength (~ 40 nm) and much higher bulk mobility (~ 10 4 cm 2 V -1 s -1 ) than other TIs, so that quantum confinement can occur in BiSb thin films even at room temperature. As a result, the band gap of BiSb thin films becomes larger at reduced thickness, and BiSb can become insulating in the region where it is semimetal in the bulk. For Bi1-xSbx thin films as thick as 90 nm, quantum confinement extends the insulating region from x=0% to at least 35%. 13 Secondly, the Fermi level in BiSb is always in the band gap.
Thus, BiSb thin films always have metallic surface states and insulating bulk states. 13, 14 This makes it possible to quantitatively evaluate the contribution of the surface states and bulk states to the giant SHE. Let us consider the electrical transport in a BiSb thin film for a general case shown in the inset of Fig. 1(a) , where σS and σB are the conductivity of the surface and bulk states, tS is the total penetration depth of the upper and lower surface states, tB is the thickness of the bulk states, by investigating the temperature dependence of the electrical resistivity, which is indispensable for identifying the origin of the giant SHE.
As a demonstration, we first show in Fig. 1(a) However, the sign of HSO in sample B is reversed, demonstrating the fundamental difference in the origin of HSO between sample A (TI) and sample B (semimetal). Next, we quantitatively evaluate the contribution of the surface states to the nominal θSH.
Assuming the parallel conduction model in the inset of Fig. 1 Figure S1 shows the temperature dependence of the resistivity of a Bi0.4Sb0.6 and a Bi0.2Sb0.8
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single layer (50 nm). The solid line is the fitting curve using Eq. (1) in the main text, which shows that the Bi0.6Sb0.4 layer behaves as a topological insulator with a band gap of 33.2 meV and mixing of surface and bulk conduction, and that Γ changes from 60 % at 300 K to 100 % at 8 K. Meanwhile, the Bi0.2Sb0.8 layer behaves purely as a semimetal layer, whose resistivity monotonically decreases with lowering temperature. 
Eq. (S4) has two very important applications. First, it indicates that PHE is reduced by
where is a proportional constant related to the spin Hall angle, and is the bias charge current. To determine MnAs , we rewrite Eq. (S5) as
where tot , , are the total conductance, width, and length of the MnAs/BiSb Hall bars. Let y = MnAs a variable to be determined in Eq. (S7), we have Thus, thermoelectric effects are absent or negligible.
Note 5: Spin Hall angle in the parallel conduction model
The relationship between the spin current and the charge current is given by
where S is the spin current density, ℏ is the Dirac's constant, is the elementary charge, SH is the nominal spin Hall angle, C is the nominal charge current density. In the case of topological insulators, S is generated not only by the current following in the bulk states but also in the surface states. Hence,
where the symbol S and B represent the surface and bulk contribution, respectively. By considering the parallel conduction model [3] and assuming that the lower surface states not in contact with the MnAs top layer does not contribute to spin current injection, the Eq. (S10) can be 
